Performance of nine commercial solar photovoltaic (PV) panels from different manufacturers with combination of different manufacturing materials and technologies are studied under the environmental conditions of the Coal City of India. The results give an indication of the comparative performance of different PV technologies under the aforesaid location's environmental condition which helps to choose the best suitable PV technology for the Coal City of India. This procedure is commonly known as technical mapping of solar PV. Performance of PV panels made of Maxeon Cell Technology, heterojunction with intrinsic thin layer (HIT), mono-crystalline silicon (Mono C-Si), poly-crystalline silicon (Poly C-Si), Micromorph, SCHOTT, amorphous silicon (a-Si), copper indium gallium selenide (CIGS) and cadmium telluride (CdTe) technologies is analysed. Meteorological and PV panel parameters required for the study are collected from National Aeronautics and Space Administration (NASA) renewable energy resource website (Surface Meteorology and Solar Energy) and the data sheets of commercial PV panel manufacturers, respectively. The outcome of this study concludes that modules made of amorphous silicon technology perform better under the typical temperature variant and dry environmental condition of the Coal City of India. The same PV technology is also best suited considering life cycle assessment and global warming impact point of view for the concerned site.
Background
Most of the countries in the world are facing serious shortages of energy due to inadequate reserves of non-renewable sources of energy. In India, the cost of electricity has risen 20 % since the year 2009. In the twenty-firstcentury, renewable energy resources are getting priority due to the diminution of fossil fuels and gradual emerging consciousness about the environmental degradation (Chen et al. 2010 ). Solar energy is one of the most important fields of renewable energy. Fiorenza et al. studied the techno-economic prospect of a Salt Gradient Solar Pond (Fiorenza et al. 2006) . Grid interactive solar PV systems are gradually becoming a more feasible alternative for electricity generation due to technology improvement and drop in component prices in comparison with the escalating cost of fossil fuels (Nanda and Raturi 2013) . It is a budding area of research to evaluate the accurate performance of PV system in practical conditions as the outdoor environment differs from the standard test conditions (STC) at which PV panels are rated.
Technical mapping of solar PV for a particular location is a very important and growing field of research worldwide. Pavlovic et al. compared the total electricity produced from mono-crystalline silicon, cadmium telluride (CdTe) and CIS solar panels of 1 kW capacity PV power plant for 1 year in the climatic conditions of the Republic of Srpska (Pavlovic et al. 2013 ). The performance of four different solar modules made of mono-crystalline silicon, polycrystalline silicon, amorphous silicon and CdS/CdTe technologies under the environmental conditions of Mexico City was compared and results showed a better performance for amorphous silicon technology (Santana-Rodŕiguez et al. 2013) . Amorphous silicon performs well under Malaysia's tropical hot and humid climate, due to favorable, constant, high solar radiation in Malaysia and predominant diffuse nature of solar radiation (Daghigh et al. 2011) . Performance losses in grid-connected photovoltaic systems were studied and results showed that the temperature is the main source of loss in high irradiance countries predominately for mono and multi-crystalline technologies (Makrides et al. 2010) . PV modules with high-temperature coefficient are advantageous for use in the Gobi desert area (Adiyabat et al. 2006) . Relative humidity and solar flux have a negligible effect on the output voltage of the PV module (Swift 2013) .
The behaviour of a particular solar module depends not only on the material and technology used but also on the environmental conditions at which it is operating. Environmental conditions have a direct influence on the behaviour of the electrical parameters of PV modules manufactured through unlike technologies. For these reasons, technical mapping of solar PV for a particular location is needed. Technical mapping of solar PV for the Coal City of India is the focus of this paper. Air pollution is a problem in Dhanbad as it is the coal capital of India. So the behaviour of the electrical parameters for different PV technologies under the specific environment of Dhanbad is studied in this paper to promote Solar PV. A map of Dhanbad city is shown in Fig. 1 . It is situated in the state of Jharkhand, India, and lies between 23°37′3″ N and 24°4′ N latitude and between 86°6′30″ E and 86°50′ E longitude. Dhanbad is bounded by Giridih, Bokaro, Dumka of Jharkhand and Purulia district of West Bengal.
Climatic condition of India varies enormously due to its position in the world map. The main objective of this paper is to find out which PV technology shows the best performance under the specific environmental condition of Dhanbad (Coal City of India). In a laboratory scale, there are many new PV technologies available such as organic solar cell and dye-sensitized solar cells, but they are not used commercially for PV power plant. Hence, nine commercial PV technologies from reputed manufacturers are considered which are extensively tested and widely used for commercial PV power plant projects.The meteorological parameters of the concerned site, required for technical mapping of solar PV are extensively studied. To judge the economical feasibility and environmental impact of the proposed project, life cycle assessment (LCA) and global warming impact study for the selected PV technologies are also performed. This paper will help the PV project developers, planning commission and engineers to choose best suitable PV technology for the Coal City of India, not only considering the technical performance but also from the economic and environmental point of view.
Different types of solar PV projects in India
The installed grid interactive solar PV power capacity of India is 3.744 GW by the end of March 2015, which is 42.25 % higher from the previous year (http:// www.mnre.gov.in/solar-mission/jnnsm/introduction-2/). In India, 50 % of the total installed capacity of solar PV power is contributed by the state Gujarat. Asia's largest solar park has commissioned by Gujarat at Charanka village with a capacity of 500 MW. After completion of 4 GW Ultra Mega Green Solar Power Project (UMPP) near Sambhar Lake in Rajasthan, it will be the world's largest solar power plant (http://www.mnre.gov.in/solarmission/jnnsm/introduction-2/). A 10-MW solar PV plant based on amorphous silicon (a-Si) technology in Osmanabad, Maharashtra, generates approximately 18 GWh/MW which is the maximum generation in Maharashtra among the solar PV plants (http://www.relyonsolar.com/). Under the scheme of Jawaharlal Nehru National Solar Mission (JNNSM), numbers of solar PV plants are already installed in India and many others are going to be installed to fulfil the target of JNNSM. For successful execution of JNNSM, NTPC Vidyut Vyapar Nigam Ltd (NVVN) (http://nvvn.co.in/) has given the responsibility to prepare the guidelines for selection of developers for commissioning grid-connected solar power projects in India. Most of the solar PV plants installed in India are based on a-Si technology. Only some of them are based on other PV technologies such as 5-MW solar PV plant installed by Pokaran Solaire Energy Private Limited in Jodhpur considered monocrystalline silicon (Mono C-Si) technology PV modules for their project and 10-MW solar PV plant installed by Sai Mathili Power Company Private Limited in Bikaner district of Rajasthan installed copper indium gallium selenide (CIGS) technology for their PV plant. Solar PV generation costs have reduced from around Rs.18/kWh to about Rs.7/kWh in the last 3 years, whereas cost of coal-based thermal power is around Rs.4.5/kWh and it is escalating with time (http://www.mnre.gov.in/solar-mission/jnnsm/introduction-2/). Continuous cost reduction of PV will make it compatible with fossil fuel in a few years (Muneer et al. 2005 ). Solar power is the strength of Indian energy economy without deteriorating environmental condition and enhancing the economical growth.
Methods
Mathematical equations used for technical mapping of solar PV are discussed in the consecutive section. Related meteorological parameters of Dhanbad (Coal City of India) are collected from National Aeronautics and Space Administration (NASA) renewable energy resource website (Surface Meteorology and Solar Energy) (https://eosweb.larc.nasa.gov/sse). The investigation is performed based on a conventional PV power plant designing method and information obtained from reputed PV module manufacturer datasheets. Life cycle analysis and global warming impact study of the nine selected commercial PV technologies are also performed using the secondary data which is collected from PV power plant developers. The mathematical equations required for technical mapping study, LCA and global warming impact study are described in the List of saints section. Stepwise methodology of the study is presented in Fig. 2 . Capacity of the PV plant is considered 1 MW for convenience.
Mathematical equations required for technical mapping, LCA, global warming impact
Mathematical equations used for technical mapping of solar PV are discussed in the consecutive section.
Temperature effect on nominal rated performance of PV array
The daily output of a solar PV array depends on solar radiation and PV operating temperature. Rise in the PV operating temperature reduces array peak energy output and efficiency. PV panel performance is generally rated in standard test condition (STC), i.e. considering irradiance of 1000 W/m 2 , solar spectrum of AM 1.5 G and temperature at 25°C. But actual operating environmental parameters of PV plants differ from STC parameters. Therefore, to judge the actual PV panel performance, the panel should be tested in specified environmental condition of the plant location. PV operating temperature can be calculated considering the ambient temperature at a given location, nominal operating cell temperature (NOCT) of the particular technology and incident solar intensity on PV array (Ross 1976; Skoplaki and Palyvos 2009; Garcia and Balenzategui 2004; Malik and Damit 2003) . Consequence of including the effects of PV operating temperature in the PV electrical energy output is presented by Eqs. 1 and 2, respectively.
Panel operating temperature
T PO is the panel operating temperature in°C. T AMB is the ambient temperature in°C.
NOCT is the nominal operating cell temperature. G is the irradiance in W/m 2 . Considering only temperature correction and neglecting irradiance correction, Eq. 1 becomes
So from Eq. 2, panel operating temperature of a PV technology can be determined if NOCT of that particular technology and ambient temperature of the concerned site are known.
Reduction in power output from PV panel due to variation of panel temperature from STC
Reduction in panel output due to temperature correction
RP TC is the reduction in power output due to temperature correction in %. γ is the temperature coefficient of power for PV panel in %/°C.
T STC is the temperature of the PV module at STC in°C (i.e. 25°C).
Panel output after temperature correction
P TC is the panel output after temperature correction. P MAX is the power output at STC.
Equivalent full sunshine hours in latitude angle tilted surface
Equivalent hours of full sunshine are defined by the number of hours of incident radiation at a place, if intensity of radiation is kept constant at its peak value of 1 kW/m 2 . Suppose, insolation on a latitude angle tilted unit area surface is expressed by I T kWh/m 2 /day, then this can further be expressed as constant peak value of solar radiation of 1 kW/m 2 incident on receiving surface for I T hours, then h EFSLAT will be equal to I T hours/day. The expression is given by Eq. 5.
h EFSLAT is the equivalent full sunshine hours in latitude angle tilted surface.
I T is the insolation on tilted surface (for Dhanbad fixed tilt is taken as 23°) in kWh/m 2 /day.
Energy output from the PV panel
ξ Panel is the energy output from PV panel. DF is the dust factor in %.
Energy output from inverter
Inv O/P is the energy output from inverter. η inv is the inverter efficiency in %.
Performance ratio
The performance ratio (PR) is a system performance index that indicates the overall effect of losses on the array's rated output due to array temperature, incomplete utilization of the irradiation and system component inefficiencies or failures (IEC 61724). Performance ratios are usually reported on a monthly or yearly basis. A PR value calculated for smaller intervals, such as weekly or daily is useful to identify the occurrences of component failures.
PR is the performance ratio in %.
A a is the active area of panel. η Panel is the solar panel efficiency in %.
Energy yield factor
Energy yield factor (YF) of the PV system defined as the portion of the daily net energy output of the entire PV plant which is supplied by the array per kW of installed PV array.
YF is the yield factor.
Life cycle assessment
Life cycle assessment (LCA) of the PV plants indicates economically feasible for the proposed project and also determines its payback period. LCA uses two techniques, net present value (NPV) and payback period. Equations required for LCA are discussed sequentially.
Capital cost
Capital cost,
C C is the capital cost of PV plant, C PVM is the cost of the PV module, C L is the land cost, C CG is the cost of civil and general works, C MS is the cost of mounting structures, C PCU is the cost of the Power Conditioning Unit, C CT is the evacuation cost up to inter-connection point (cables and transformer), and C PP is the preliminary and pre-operative expenses.
Operation and maintenance cost
NPV OMC is the net present value of operation and maintenance cost, C AOM is the annual operation and maintenance cost, d is the discount rate (%), g is the escalation in operation and maintenance cost (%), and n is the lifetime of the project (years).
Total outflow of money
TO M is the total outflow of money.
Saving from electricity generated by the PV plant
AS EG is the annual saving from electricity generated by the PV plant, IC PV is the installed Capacity of PV plant, YF is the yield factor, N is the number of working days in the year, and T E is the tariff of electricity.
NPV SEG is the net present value of lifetime saving from electricity generated by the PV plant, d is the discount rate (%), i is the inflation rate of electricity tariff (%), n lifetime of the project (years).
Total inflow of money
TI M is the total inflow of money, NPV SV is the net present value of salvage value.
SV is the salvage value.
Net present value of project
NPV P is the net present value of PV power plant.
Payback period
PBP is the payback period in years.
Global warming impact
AER GHG is the annual GHG emission reduction from PV power plant.
ECP GHG is the GHG emission from coal-based power plant/kWh.
Climatic characteristics for the Coal City of India
Meteorological parameters of the Coal City of India (Dhanbad) are collected from National Aeronautics and Space Administration (NASA) renewable energy resource website (Surface Meteorology and Solar Energy) (https://eosweb.larc.nasa.gov/sse/). The climate of Dhanbad district is characterized by general dryness. Panels are considered to be mounted with a fixed tilt of 23°to maximize annual energy production. Fixed PV solar plant denotes that a plant with solar modules mounted on fixed metal support structure under optimal angle in relation to the horizontal surface and all are oriented towards equator. Fixed tilt systems are lighter in weight, are less expensive and produce less energy per installed kilowatt on an annual basis than a tracking system. In addition, the use of a tracking system for small solar panels is not recommended due to high-energy losses in the driving systems. The power consumption by a tracking device is 2-3 % of the increased energy from the PV system (Mousazadeh et al. 2009 ). The average solar potential on a tilted surface facing towards the equator is 5.08 kWh/m 2 /day, which is representative of the Coal City's solar potential. Ambient temperature varies from 18.3 to 28.9°C in the concerned site with an annual average of 24.9°C. Detail meteorological parameters used for calculation are shown in Fig. 3 . The scale for the equivalent hours of full sunshine is shown on the left-hand side, and the scale for the remaining parameters is indicated in the right-hand side of the figure.
Based on international standards that consider an average solar radiation density incident on Earth's surface equivalent to 1 kW/m 2 (solar irradiance), we calculated the average of daily equivalent hours of full sunshine (h EFSLAT ) of the Coal City of India. Figure 3 shows the monthly average h EFSLAT , from which we have calculated an annual average of 5.08 h/day. Again, from this figure, it is seen that average h EFSLAT is greater than 5.8 h/day in the months of February, March and April. The same is below 4 h/day in the month of July and August. Air temperature varies from 18.3 to 28.9°C in the concerned site with an annual average of 24.9°C. Relative humidity (RH) of the Coal City of India varies (Kempe 2006) . The humidity level of the Coal City is inadequate to endanger the performance of PV module. Lower relative humidity is observed in the Coal City as it is situated far away from the sea coast. Dust is another major parameter affecting the output of PV module (Mani and Pillai 2010; Garg 1974) . It is reported that the presence of a small amount of dust in atmosphere has a negligible effect on the performance of PV module (Siddiqui and Bajpai 2012) . Dust accumulation on PV module is dependent on the wind speed, RH, tilt angle of module and dust type. In the Coal City, wind speed varies from 1.4 to 2.8 m/s with an annual average of 2 m/s. Environmental parameter analysis of the Coal City shows that its humidity and wind speed both are in the moderate range so reduction in PV panel output due to dust is considered as 5.00 %. Amount of dust present in the ambiance of the concerned site will effect equally in all types of chosen PV technologies as tilt angle (tilted at latitude angle) and environmental condition are the same. Study of meteorological parameters is important because it provides data representative of Dhanbad's specific conditions; it can be used to make projections and for sizing of PV systems.
Technology selection
Technology selection plays an important role for new PV power project. In a laboratory scale, there are many new PV technologies available such as organic solar cell and dye-sensitized solar cells, but they are not used commercially for PV power plant. Hence, nine commercial PV technologies from reputed manufacturers are considered which are extensively tested and widely used for commercial PV power plant projects. Required specifications of the selected PV technologies are enlisted in Table 1 .
Results and discussion

Characterization of different PV panels under the environmental conditions of the Coal City
Comparisons of different parameters for nine different technologies are shown consecutively in this section. Percentage decrement in power output due to temperature rise of PV power plants for different technologies is shown in Fig. 4 . From Fig. 4 , it is very clear 78, 30.40, 47.02, 53.24, 22.66, 6.43, 18 .43 and 13.12 %, respectively, which is greater with respect to a-Si technology.
Performance ratios for nine different PV technologies are shown in Fig. 5 . Highest PR of 87.98 % is observed for a-Si technology as its reduction in power output due to temperature variation is minimum. PR of Poly C-Si technology is minimum with a value of 82.31 %. PR values of Maxeon Cell Technology, HIT, Mono C-Si, Poly C-Si technologies are 4.10, 2.21, 5.01 and 6.44 %, respectively, which is lesser than a-Si technology. PR values of a-Si, SCHOTT, CIGS and CdTe technologies are very close to each other. Low PR of Poly C-Si technology is observed due to more effect of temperature variation on power output.
Energy yield factor (YF) for the nine different technologies are shown in Fig. 6 . It is observed that YF is maximum for a-Si technology with a value of 4.48. Minimum YF value is seen for Poly C-Si technology due to the effect of temperature. YF values of Maxeon Cell Technology, HIT, Mono C-Si and Poly C-Si technologies are 4.29, 2.50, 5.08 and 6.51 %, respectively, which is lesser than a-Si technology. The same is only 1.68, 0.39, 1.29 and 0.86 % lesser compared to a-Si technology for Micromorph, SCHOTT, CIGS and CdTe technologies, respectively. A finding from this work is tabulated in Table 2 .
From Table 2 , it is observed that the effect of temperature on a-Si technology is minimum among the nine selected PV technologies, PR and YF are maximum for this technology due to lesser effect of temperature on this technology. For HIT technology, PR and YF are 1.97 and 1.87 %, respectively, which is more compared to Maxeon Cell Technology. It can be concluded that best suited technology for Dhanbad's environmental condition is a-Si from a technical performance point of view.
Life cycle assessment
Life cycle assessment of selected nine PV technologies is presented in this section. Capital cost, annual operation and maintenance cost, and salvage value for different types of PV technology-based PV power plants are collected from the PV plant developers. Table 3 shows the capital cost of selected nine different PV technologies. Capacity of the PV plant is considered 1 MW for convenience.
Results show that capital cost is maximum for Maxeon Cell Technology, whereas minimum for a-Si technology followed by poly C-Si, SCHOTT, CdTe and CIGS technology-based PV plants.
Total outflow of money for different PV technologies are tabulated in Table 4 . Maximum outflow of Rs.53.8227769 Crores is calculated for Maxeon Cell Technology and Rs.7.4808893 Crores is the outflow calculated for a-Si technology-based PV plant. Outflow for a-Si technology-based PV power plant is minimum among the selected nine PV technologies in this paper. RP TC is the reduction in power output due to temperature correction in %, PR is the performance ratio in %, andYF is the yield factor in kWh/kW. DF = 5 % Table 3 Capital cost of 1-MW PV power plants based on different PV technologies Net present value (NPV) and payback period (PBP) of nine different technology-based PV power plants are depicted in Table 5 . Negative value of NPV indicates project is not viable and positive value indicates project is viable. NPV analysis concludes that Maxeon Cell Technology, HIT, Mono C-Si, Micromorph and CIGSbased PV power plants are not feasible for the environmental condition of Dhanbad. NPV study shows that economically best suitable PV technology is a-Si technology for the concerned site. Tariff of electricity generated from PV power plant is considered as Rs.4.00/kWh to make it compatible with electricity generated from coal-based thermal power plant. For the concerned site, 11.43 years is the PBP of a-Si-based 1-MW PV power plant. PBPs of all other technology-based PV power plants are below 25 years except Maxeon Cell Technology.
The global warming impacts of different photovoltaic technologies
Electricity generated from solar PV is free from toxic pollutant and global warming emissions. Though no global warming emissions are associated with the generation of electricity from solar energy, there are emissions associated with other stages of the solar life cycle, such as manufacturing process, materials transportation, installation, maintenance, decommissioning and dismantlement. Value of this emission varies from technology to technology. Global warming is caused by the emission of green house gases (GHG). GHG comprises of oxides of carbon (CO 2 , CO), sulphur (SO 2 ) and nitrogen (NO), etc. Calculated GHG emission reduction for nine different PV technology-based plants due to the replacement of coal-based electricity is shown in Table 6 and Fig. 7 , respectively. Maximum AER GHG is observed for a-Si PV technology with a value of 1644.34 tonnes and minimum AER GHG of 1537.28 tonnes is found for poly C-Si technology in the concerned site.
From the global warming impact study, it is seen that a-Si is again the best suitable technology for the Coal City-Dhanbad.
Conclusion
The study concludes that a-Si is the best fitted PV technology technically, economically and from a global warming impact point of view under the environmental condition of the Coal City of India. Findings of the study are presented below.
For amorphous silicon solar cells, RP TC is 5.41 % with respect to the reference value at 25°C. Among the nine PV technologies, maximum PR is observed for a-Si technology with a value of 87.98 %. It is observed that YF is maximum for a-Si technology with a value of 4.48. Amorphous silicon is the best suitable PV technology for the Coal City from a technical performance point of view. NPV is maximum and PBP period is minimum for a 1-MW a-Si-based PV power plant with a value d = 10 %/annum, g = 5.6 %/annum, n = 25 years, IC P = 1 MW, T E = ≠4.00, and i = 6 %/annum of Rs.2.46694077 Crores and 11.43 years, respectively. So it is economically the best fitted PV technology for the concerned site. Per annum, 1644.34 tonnes of GHG emission will be reduced from a 1-MW a-Si-based PV plant due to the saving of thousand tonnes of coal used nowadays to produce electricity.
Different solar PV power plants available in India can be used to verify the study. But in the Coal City of India, no PV plant is still installed. So comparison of the study result with practical PV power plant data is not possible for the concerned site. Though the ministry has future plans for installation of PV power plant in Dhanbad, this paper will help the PV project developers, planning commission and engineers to choose the best suitable PV technology for the Coal City-Dhanbad, not only considering the technical performance but also from the economic and environmental point of view.
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